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We study the thermodynamics and kinetics of an RNA toehold-mediated strand displacement
reaction with a recently developed coarse-grained model of RNA. Strand displacement, during which
a single strand displaces a different strand previously bound to a complementary substrate strand,
is an essential mechanism in active nucleic acid nanotechnology and has also been hypothesized to
occur in vivo. We study the rate of displacement reactions as a function of the length of the toehold
and temperature and make two experimentally testable predictions: that the displacement is faster
if the toehold is placed at the 5′ end of the substrate and that the displacement slows down with
increasing temperature for longer toeholds.
INTRODUCTION
The emerging field of RNA nanotechnology aims to
construct nanoscale structures and devices by using RNA
strands [1, 2]. It is closely related to the more estab-
lished and rapidly developing field of DNA nanotechnol-
ogy, which exploits the specificity of Watson-Crick base
pairing to construct impressive artificial nanoscale struc-
tures and active devices [3–10]. While RNA and DNA are
similar molecules, composed of a sugar-phosphate back-
bone to which an alphabet of four different nucleobases
can attach, there are some differences. For example in
DNA the sugar is deoxyribose and the four bases are (A,
C, G, T) whereas in RNA the sugar is ribose, and the
base T is replaced by U. Like DNA, RNA can form two
kinds of Watson-Crick base pairs (AU or GC), but it has
a higher propensity for other kinds of bonding, includ-
ing the wobble base pair (GU) as well as numerous other
tertiary structure interactions.
In the cell, both molecules can store information,
but whereas isolated DNA is primarily found in a B-
helical double-stranded state, RNA is more versatile.
It can fold from single-stranded states into complex
three-dimensional structures that contain A-form heli-
cal double-stranded segments as well as loops, bulges
and junctions. This increased structural repertoire fa-
cilitates biological functionality, so that RNA molecules
can perform multiple additional roles, including cataly-
sis, genetic regulation, structural support, and templat-
ing for molecular recognition and DNA synthesis [11–13].
Since it can accomplish both storage of genetic material
(like DNA) as well as metabolism (like proteins), it has
been postulated that early life was based on RNA before
DNA-based organisms appeared (the “RNA world” hy-
pothesis [14]). On the one hand, this versatility makes
the prospect of using RNA nanotechnology very appeal-
ing, especially in biomedical applications. On the other
hand, it also makes predicting the three-dimensional
structure significantly more challenging [1, 15, 16] than
for DNA. For example, rather than designing de novo
sequences that would fold into a particular functional
three-dimensional structure, RNA nanotechnology often
relies on functional motifs from known biologically oc-
curring structures [17].
In this paper we study the RNA equivalent of toehold-
mediated strand displacement, a relatively simple dy-
namic reaction that has been a key component in many
active devices in DNA nanotechnology. During strand
displacement, a single-stranded “invading” strand re-
places an “incumbent” strand that was bound in a duplex
with a “substrate” strand. Both the invading and incum-
bent strand are complementary to the substrate strand,
but the incumbent strand is a few bases shorter. When
bound to the incumbent strand, the substrate strand
hence has a short single-stranded overhanging region (a
“toehold”) to which in invading strand can bind.
Systems based on DNA strand-displacement reactions
have been shown to be able to perform computation [18–
20] and are the basis of autonomous DNA motors [21, 22].
Strand-displacement reactions also have a great poten-
tial for use in RNA nanotechnology applications. For
instance, a series of different reactions that involve sev-
eral RNA strand-displacement steps were developed in
Ref. 23. The strand displacement reaction is triggered
by the presence of an mRNA strand with a particular
sequence and the final product is an siRNA complex
[23]. One promising application in vivo is the conditional
knockout of a gene by an RNA silencing mechanism in
the presence of mRNA created by a transcription of the
triggering gene. It was recently shown in vitro that a
cascade of RNA strand displacement reactions can be
used for the detection of a single-stranded RNA with a
particular sequence that triggers the reaction [24]. Fur-
thermore, RNA switches have been recently introduced
for use in synthetic gene circuits, where the presence of a
specific trigger RNA strand opens an RNA hairpin via a
stand-displacement reaction. The hairpin loop contains
a ribosome binding region that becomes accessible for
transcription after the successful completion of the dis-
placement. The functionality of RNA switches has been
demonstrated in vivo as well as for diagnostics in vitro
2[25, 26].
There is currently substantial evidence that there are
multiple regions of the genome that are transcribed into
RNA molecules which are not further involved in pro-
tein production, but are themselves the final product.
Thousands of these “non-coding RNAs” (ncRNA) have
been identified and their function is a very active field of
research [27–29]. Some of the ncRNA interactions also
involve RNA-RNA contacts and the creation of RNA
double-stranded sections [30, 31]. It is hence plausi-
ble that RNA strand displacement might be involved in
ncRNA interactions. For instance, it was hypothesized in
Ref. 32 that RNA strand displacement reactions can oc-
cur in vivo for example in ribozyme-product complexes
and it was shown in vitro that a single-stranded RNA
can displace the cleaved strand which was bound to a
ribozyme [32]. More generally, the biological versatility
of RNA makes it a prime candidate for many different in
vivo applications of nanotechnology [1, 17, 33].
In this work we apply a recently developed coarse-
grained model of RNA, oxRNA [34], to study the bio-
physics of toehold-mediated RNA strand displacement
reactions. OxRNA’s development followed the coarse-
graining approach used in a previously developed coarse-
grained model of DNA, oxDNA [35–38], which was shown
to accurately reproduce the kinetics and thermodynamics
of DNA strand displacement [39], including phenomena
such as the effect of mismatches on displacement rates
[40].
While the thermodynamics and kinetics of DNA strand
displacement has been previously carefully studied both
by experiments and by simulations [39, 41], no systematic
study is available for RNA. However, if the RNA strand
displacement-based devices are to realize their full poten-
tial, an understanding of the underlying mechanisms is
necessary. While one might expect the general features
of the reaction to be similar that for DNA, we will also
demonstrate interesting differences.
This paper is organized as follows. We introduce the
RNA model and the simulation methods in the next sec-
tion. We then study the free-energy profile of the reac-
tion, the rates of displacement as a function of the length
and the placement (at either the 3′ or 5′ end) of the toe-
hold, and the effect of temperature on the rates. We
find that the reaction rate is increased by six orders of
magnitude when the toehold length increases from 1 to
6 bases at 37 ◦C. In contrast to DNA behavior, we find
a noticeable difference in the displacement rate depend-
ing on whether the toehold is placed at the 3′ or 5′ end,
with the 5′ being faster. Finally, we observe that the
rate of displacement decreases with increasing tempera-
ture for a three-base toehold, but by less than expected
from simply the decrease in stability of the toehold.
MODEL AND METHODS
A coarse-grained model of RNA
We give a brief description of the oxRNA model here,
while the details of the structural, mechanical and ther-
modynamical properties of the model are provided in
Ref. 34.
OxRNA represents each nucleotide as a single rigid
body with multiple interaction sites. The rigid bod-
ies interact with effective anisotropic interactions that
are designed to capture the overall thermodynamic and
structural consequence of the base-pairing, stacking and
backbone interactions, as schematically shown in Fig. 1.
The potential function of the oxRNA model is
VoxRNA =
∑
〈ij〉
(
Vbackbone + Vstack + V
′
exc
)
+ (1)
+
∑
i,j /∈〈ij〉
(VH.B. + Vcross st. + Vexc + Vcoaxial st.) ,
where the first sum runs over all pairs of nucleotides
which are nearest neighbors on the same strand and the
second sum runs over all other pairs.
The backbone interaction, Vbackbone, is an isotropic
FENE (finitely-extensible nonlinear elastic) potential
and depends only on the distance between the backbone
sites of the two adjacent nucleotides. This potential is
used to mimic the covalent bonds in the RNA back-
bone that constrain the intramolecular distance between
neighboring nucleotides. The nucleotides also have re-
pulsive excluded-volume interactions Vexc and V
′
exc that
depend on the distance between their interaction sites,
namely the backbone-backbone, stacking-stacking and
stacking-backbone distances. The excluded-volume in-
teractions ensure that strands cannot overlap, or pass
through each other in a dynamical simulation.
The duplex is stabilized by hydrogen bonding (VH.B.),
stacking (Vstack) and cross-stacking (Vcross st.) interac-
tions. These potentials are highly anisotropic and depend
on the distance between the relevant interaction sites as
well as the mutual orientations of the nucleotides.
The hydrogen-bonding term VH.B. is designed to cap-
ture the duplex-stabilizing interactions between Watson-
Crick and wobble base pairs. The stacking interaction
Vstack mimics the favorable interaction between adjacent
bases, which results from a combination of hydrophobic,
electrostatic and dispersion effects.
The cross-stacking potential, Vcross st., is designed to
capture the interactions between diagonally opposite
bases in a duplex and has its minimum when the distance
and mutual orientation between nucleotides corresponds
to that for a nucleotide and the 3′ neighbor of the directly
opposite nucleotide in an A-form helix. This interaction
has been parametrized to capture the stabilization of an
RNA duplex by a 3′ overhang [42]. OxRNA does not in-
clude any interaction with the 5′ neighbor of the directly
3FIG. 1. A schematic representation of (a) an A-RNA helix as
represented by the model and of (b) the attractive interactions
in oxRNA [34].
opposite nucleotide, as 5′ overhangs are significantly less
stabilizing than 3′ overhangs [42].
The coaxial stacking potential Vcoaxial st. represents
the stacking interaction between nucleotides that are not
nearest neighbors on the same strand.
The model currently does not include explicit electro-
static interactions. It was parametrized to reproduce
RNA behavior at high (1M) salt concentrations where
the long-range interactions between phosphate charges
on the backbone are screened. The remaining short-range
electrostatics repulsion interactions are incorporated into
the excluded volume potentials.
The interactions in the model were parametrized to re-
produce the melting temperatures of hairpins and short
oligomers as predicted by the nearest-neighbor model
of RNA thermodynamics [42, 43] that is the basis of
most RNA secondary structure prediction tools [44–
46]. Two parametrizations of oxRNA are available, the
“sequence-averaged” and the “sequence-dependent” ver-
sion. In the sequence-dependent parametrization, the hy-
drogen bonding and stacking interactions have different
strengths depending on the types of the interacting bases.
The sequence-averaged interaction strengths do not dis-
tinguish between the different base types, and in partic-
ular the interaction strengths of the hydrogen-bonding
potentials are the same for Watson-Crick base pairs (AU
and CG) and zero otherwise. The sequence-averaged in-
teraction strengths were fitted to reproduce the thermo-
dynamics of an averaged nearest-neighbor model, where
the respective free-energy contributions were averaged
over all possible base-pair steps with Watson-Crick com-
plementary base pairs.
In this work, we use the sequence-averaged
parametrization, as we aim to study the displacement
process for different toehold lengths and temperatures
without the complications of sequence-specific effects.
Our results will be comparable to experiments where
“average” sequences are used, i.e. sequences with sim-
ilar stability as the ones obtained from the averaged
nearest-neighbor model for a given sequence length.
Simulation methods
The thermodynamics of the strand-displacement pro-
cess is probed using the virtual move Mote Carlo
(VMMC) algorithm (specifically the variant described in
the Appendix of Ref. 47) combined with umbrella sam-
pling to help the system overcome free-energy barriers
[48]. The chosen order parameters were the number of
bonds between the invader and the substrate strand and
bonds between the incumbent strand and the substrate.
The weights assigned to the respective states were cho-
sen by experience and then adapted by hand to ensure
an efficient sampling.
We use the forward flux sampling (FFS) method [49]
to estimate the rate of the strand displacement reac-
tion. The FFS technique facilitates simulation of tran-
sition pathways by splitting up the rare transition event
into multiple stages which are sampled separately. We
previously used FFS simulations with the coarse-grained
model of DNA, oxDNA, to study the kinetics of DNA
strand displacement [39] and hybridization [50, 51]. In
this work, we use Direct FFS (described in detail in the
Supplementary Material of Ref. 50). The FFS simula-
tions are run after an initial equilibration of 105 steps.
The initial flux is measured through the interface at
which the minimum distance between the complemen-
tary bases of the invading strand and the substrate strand
is smaller than 0.84 A˚. We then measured the probabil-
ity of successfully crossing successive interfaces that were
defined by the number of the formed bonds between the
invading strand and the substrate (see Supplementary
Material for details).
In our simulations, we define a base pair as being
formed if the hydrogen-bonding energy (VH.B. in Eq. 1)
between the two bases is more negative than −1.0 kBT
for T = 300K, which corresponds to about 18% of typi-
cal hydrogen-bonding energies in the oxRNA model. We
do not only allow any misbonds, i.e. only the designed
‘correct’ base pairs between the invading strand and the
substrate (and the incumbent strand and the substrate)
can form.
The molecular dynamics simulations for the FFS were
carried out with an Andersen-like thermostat (described
in the Appendix of Ref. 52). All simulations are car-
ried out with a simulation box size that corresponds to
an equal strand concentration of 65.3µM for the invad-
ing strand and substrate. Even though nucleic acid nan-
otechnology experiments are usually done at lower strand
concentrations (∼ nM or low µM), we chose a higher con-
centration for our simulations in order not to spend too
much time simply simulating the diffusion prior to the
encounter and reaction of the strands. Such an approach
allows us to efficiently extract the relative second-order
rate constants [39, 50].
The simulation step δt was chosen to be 0.005 in
simulation time units, corresponding to 1.53 × 10−14 s.
We further used a high translational diffusion constant
for an RNA nucleotide in our simulations, D = 5.8 ×
4FIG. 2. A schematic representation of the different stages of
a strand displacement reaction as represented by oxRNA for
a four-nucleotide long toehold at the 3′ end of the substrate.
(a) The invading strand (blue) attaches to the toehold of the
substrate (red). (b) The invading strand is fully bound to the
toehold. (c) The invading strand displaces bonds between
the incumbent (green) strand and the substrate. (d) The
incumbent strand loses all bonds with the substrate.
10−7m2s−1, which corresponds to a diffusion constant of
2.1 × 10−8m2s−1 for a 14-mer, larger than the experi-
mentally measured Dexp = 0.92× 10
−10m2s−1 [53]. We
intentionally use a higher diffusion constant in order to
speed up the diffusion of the strands in our simulations.
Again, as the motion of strands is still diffusive over ap-
preciable timescales, this should speed up the simulation
without altering the basic physics of the reactions. The
rotational diffusion coefficient was set to Drot = 3D and
each nucleotide was treated as a rigid body with a diag-
onal inertia tensor.
One needs to be cautious in interpreting time units
in coarse-grained simulations. For instance, time scales
of different processes might scale with different factors
[54]. Furthermore, we use an artificially high diffusion
constant. Therefore, rather than trying to map our sim-
ulation results onto experimental rates, our emphasis
is on computing the relative rates of similar processes
(e.g. strand displacement with different lengths for the
toehold) which can then be compared with experimental
data, should they become available.
RESULTS AND DISCUSSION
The different stages of the reaction are introduced in
Fig. 2 as represented by the oxRNA model. We note
that the respective stages of the reaction are reversible,
and it is possible for the invading strand to detach before
successfully completing the displacement.
The strand-displacement reaction in DNA has been
studied in detail both experimentally [10, 41] as well as
theoretically with the help of a simplified 1-D model,
models based on secondary structure as well as a pre-
viously developed coarse-grained model of DNA, oxDNA
[10, 39, 41].
In Ref. 41, the rate of the toehold-mediated strand dis-
placement was measured as a function of the length of the
toehold. For an average strength toehold (i.e. a sequence
with roughly the same number of AT and GC bonds) it
was found that the rate of the reaction increases expo-
nentially with the length of the toehold until it saturates
for a toehold of about six bases, where the rate is about
6.5 orders of magnitude faster than for a system with no
toehold. A very similar speed-up was also observed in
coarse-grained simulations with oxDNA [39].
We are confident that our oxRNA model is able to
provide insight into the RNA strand displacement reac-
tion, as it adopts a very similar coarse-graining approach
to that developed for oxDNA, which was shown to suf-
ficiently describe the necessary biophysical properties of
DNA to capture both thermodynamic and kinetic aspects
of the strand displacement reaction [39].
In the rest of this work, we will study the strand dis-
placement reaction with toeholds of length ranging from
1 to 6, placed at either end of the substrate. The sub-
strate has 10 base pairs with the incumbent strand. We
use the oxRNA model to obtain a free-energy profile for
the strand-displacement reaction, and the rates of the
RNA displacement as a function of toehold length, posi-
tion (3′ or 5′) and temperature.
Free-energy profile
We measure the free-energy profile of the toehold-
mediated strand displacement reaction at 37 ◦C by sam-
pling the states of a system consisting of a 18-nucleotide
substrate strand with two 4-nucleotide toeholds at the
3′ and 5′ ends. Two 14-nucleotide strands (that displace
each other) are attached to the substrate, one at each
toehold. The system is illustrated in Fig. 3(a). We use
VMMC (combined with umbrella sampling) to sample
the free-energy landscape as a function of number of the
bonds between each strand and the substrate. We plot
the free energy in Fig. 3(b) as a function of the number
of bonds between the invading strand and the substrate,
separately for each invading strand. The VMMC algo-
rithm was run for approximately 5 × 1011 cluster move
attempts. The errors for each point, estimated as the
maximum difference from the mean from 3 independent
simulation sets, is at most 0.06 kBT , i.e. not larger than
the size of the points in Fig. 3(b). In the simulation,
we only allowed base pairing between the substrate and
its complementary bases on the other two strands. We
required that the strands always have at least one bond
with the substrate to prevent dissociation.
The free energy decreases as more bonds are formed be-
tween the invading strand and the toehold and reaches its
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FIG. 3. (a) An 18-base substrate strand (red) with two 14-
base strands attached at its 3′ and 5′ 4-base toeholds, re-
spectively. The stacking interaction at the branch migration
junction (indicated by the black arrow) is broken, making it
easier for the single-stranded overhangs of the strands to avoid
each other. (b) Free-energy profile as a function of the num-
ber of bonds between the invading strand and the substrate
for a 3′ (blue dots) and 5′ (red crosses) toehold at 37 ◦C. The
free energy has been set to 0 when the invading strand has 4
bonds with the substrate.
minimum when the invading strand is fully bound to the
toehold. There is a free-energy barrier associated with
the initiation of the displacement (i.e. branch migration,
where the invading strand gains additional bonds with
the substrate at the expense of the incumbent strand)
of about 1.6 kBT (corresponding to about 1 kcal/mol),
which saturates after about 4 bases have been displaced.
A similar barrier was observed for DNA displacement
[39, 55] and it arises from the fact that at the branch
point (the point on the substrate where the invading and
incumbent strands meet) the strands are in close prox-
imity and the single-stranded overhangs of the invading
and incumbent strands cannot overlap because of the ex-
cluded volume interactions. The two strands can move
away from each other, but this requires the stacking in-
teractions at the junction to be broken, as illustrated in
Fig. 3(a). Hence, there is a free-energy penalty associ-
ated with taking the first steps of branch migration, even
though the total number of base pairs between the sub-
strate and the invading and incumbent strands remains
the same throughout the process.
When the invading strand is bound to the toehold, it
will eventually either initiate branch migration or fall off.
We note that binding to the 5′ toehold is more favorable
than binding to the 3′ toehold, as the invading strand
attached at the 5′ end has an additional cross-stacking
interaction. Due to the A-form helical structure, the
3′ overhang cross-stacking interaction is stronger than
the 5′ overhang, as the distance towards the 3′ over-
hang is smaller, hence allowing for a stronger interaction.
The average extra stabilization at 37 ◦C in the nearest-
neighbor model of RNA thermodynamics [42] is about
−0.4 kBT for a 5
′ overhang and −1.3 kBT for a 3
′ over-
hang.
The cross-stacking interaction in the oxRNA model
was parametrized to reproduce the average melting tem-
peratures of short RNA duplexes with extra unpaired
overhangs at the 3′ ends of the strand. The model does
not include any stacking interaction with the 5′ overhang,
as it is significantly weaker than for the 3′ overhang.
The additional stabilization provided by the cross-
stacking between the substrate and the invading strand
attached to the 5′ toehold (Fig. 4(a)) is about −1.7 kBT
in our model at 37 ◦C. Hence, the probability of falling
off once the invading strand is attached is lower for an
invading strand at a 5′ toehold than at a 3′ toehold.
While Fig. 3 provides information about the free-
energy landscape of the strand displacement reaction as
a function of the number of bonds between the invading
strand and the substrate strand, it does not give us the
rate of the reaction. Even though some of the neighbor-
ing states during the branch migration procedure have
almost no difference in free energy, the transition be-
tween them is a complicated process that requires the
loss of a base-pair between the incumbent strand and
the substrate and the creation of the base-pair between
the invading strand and a substrate.
In a previous paper [39], this complex process was di-
rectly simulated for DNA with oxDNA. Furthermore, the
transition rates between adjacent states were described
with a simplified intuitive 1-D model that included an
effective free-energy barrier height that could be fit to
reproduce the rates. However, these barriers cannot be
obtained without either experimental or computational
input. To obtain kinetic information about the process,
we hence use FFS simulations, as described in the follow-
ing sections.
Displacement rates for different toehold lengths and
positions
We calculate the relative rates of the strand displace-
ment reactions using the FFS method, as outlined in the
6FIG. 4. (a) An invading strand (green) at a 3′ toehold has no
cross-stacking interaction with the substrate (red) strand at
the junction, as opposed to an invading strand (blue) attached
to a 5′ toehold (shown in (b)). The 3′ cross-stacking interac-
tion at the junction of the invading and incumbent strand is
indicated schematically with a thick black line.
Methods section. We studied systems where the incum-
bent strand (shown in green in Fig. 2) has 10 bonds with
the substrate strand (shown in red in Fig. 2). The sub-
strate has a toehold of length l that ranges from 1 to 6
bases. The invading (blue) strand is fully complementary
to the substrate strand and can hence form up to 10 + l
base pairs with the substrate strand once the incumbent
strand is successfully removed. For each toehold length
considered, we calculated the rates for toeholds placed
at either the 3′ or 5′ ends of the substrate strand. All
simulations were carried out at 37 ◦C.
At experimental concentrations (µM or less), basic dis-
placement reactions are well-described by second-order
kinetics. For computational convenience, we simulate
much higher concentrations of strands but this can poten-
tially lead to the breakdown of the second-order descrip-
tion, due to reaction intermediates that are relatively
long-lived compared to the overall reaction time scales.
To infer the relative second-order rate constants at low
concentration from our data, we neglect the time spent in
these intermediate states once binding to the toehold has
occurred in our calculation of the reaction rates from the
simulations. Note that we do not preclude the possibility
of displacement failure after binding to the toehold; we
simply ignore the time that such a process takes. More
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FIG. 5. Semilogarithmic plot of mean rates of the strand
displacement reaction as a function of toehold length for toe-
holds at the 3′ end (dashed line) and at the 5′ end (full line) of
the substrate strand. The errorbars show the maximum and
minimum rate obtained from all the simulations for a given
length of toehold. The rates are normalized with respect to
the mean rate for a 1-nucleotide toehold at the 3′ end.
details of this approach are provided in Refs. 39 and 50.
For short toeholds, displacement will often fail and the
invading strand undergoes frequent binding and unbind-
ing to the toehold. For long toeholds the probability of
falling off once fully bound to the toehold becomes very
small and hence it will then successfully complete dis-
placement with a high probability. Thus we expect the
rate of the overall displacement reaction to increase with
increasing toehold length up to a length at which it sat-
urates.
The rates of displacement as a function of toehold
length are shown in Fig. 5. For each of the data points, we
ran at least 3 independent sets of FFS simulations. We
observe that the reaction rate of the toehold-mediated
strand displacement reaction saturates for a toehold of
around 5 nucleotides at a value that is approximately
6 orders of magnitude larger than the rate for a 1-
nucleotide 5′ toehold and 5 orders of magnitude larger
than for a 1-nucleotide 3′ toehold.
A similar range of relative rates was observed in DNA
displacement reactions [39, 41], where for the average toe-
hold sequence, the rates saturated for a 6-nucleotide toe-
hold at a value that is about 105 times larger than the
rate for a 1-nucleotide toehold. We note, however, that
we studied RNA displacement kinetics at 37 ◦C, while the
DNA displacement was studied at 25 ◦C. Furthermore,
no strong dependence on whether the toehold was at the
3′ or 5′ end of the substrate was observed for DNA. We
expect RNA to saturate for slightly shorter toeholds be-
cause an average RNA sequence with Watson-Crick base
pairs is more stable than an average DNA sequence.
We note that until the toeholds are long enough to
7Toehold length 5′ rate / 3′ rate
1 8.6
2 5.4
3 2.0
4 3.5
5 1.7
6 0.9
TABLE I. The ratios of the mean displacement rates for toe-
holds at 5′ and 3′ ends as estimated from the FFS simulations
at 37 ◦C.
reach the saturated rate, the mean rates for the 5′ toe-
holds are larger than those for the 3′ toeholds. The ratios
of the mean rates for different ends of the substrate are
shown in Table I. As discussed in the Free-energy profile
section, the invading strand at the 5′ end gains addi-
tional stabilization from cross-stacking interaction with
the substrate strand (as shown schematically in Fig. 4)
and hence the probability for the invading strand to fall
off from the 5′ toehold is lower and thus the displacement
rate is increased.
Our prediction of faster rates of displacement from a 5′
toehold is based on the experimentally verified fact that
the cross-stacking with 3′ overhangs is significantly more
stabilizing than the interaction with 5′ overhangs. The
cross-stacking interaction in oxRNA captures the stabi-
lization by a 3′ overhang, but the model does not include
the stabilization by the 5′ overhangs, as they are sig-
nificantly smaller. However, they still might contribute
somewhat to the stabilization of the displacement from a
3′ toehold, which would mean that our inferred speed-up
may be slightly overestimated.
The rates were obtained with the averaged oxRNA
model and hence apply to toeholds that would have sta-
bility similar to that of the averaged toehold (i.e. with
about the same number of AU and GC bonds). However,
if one designed a system with a weak toehold (AU-rich),
then the saturation would be reached at a toehold length
higher than 5, and similarly, for strong (GC-rich) toe-
hold, the saturation of the displacement speed would be
reached at toehold lengths smaller than 5.
We further note that it is not only the number of
AU and GC bonds that determines the free-energy sta-
bilization for a particular sequence, but also their order
[34, 38]. Therefore, care needs to be taken in experiments
when comparing for instance the rates of the 3′ and 5′
toeholds, as the rates will be affected by the stabilization
provided by the respective toehold sequences as well as
the type of bases involved in stacking and cross-stacking
interactions, which also varies with sequence [42].
Furthermore, we would expect the saturated rates to
be different for weak and strong toehold sequences, with
the strong ones being faster, as was previously observed
for DNA [41]. It was observed for the oxDNA model
[50] that the hybridization rates are faster for stronger
sequences, as the strand has higher probability of com-
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FIG. 6. Mean rates of the strand displacement reaction for
a 3-nucleotide toehold at the 3′ end as a function of temper-
ature. The errorbars show the maximum and minimum rate
obtained from all the simulations for a given temperature.
The rates are normalized with respect to the mean rate at
37 ◦C.
pletely binding to the toehold region after the first few
base pairs were made if the base pairs created during the
first contact are stronger. We expect the same sequence-
dependent effects to play a role in RNA strand displace-
ment. However, given the absence of systematic rate data
on RNA strand displacement to which to compare, we fo-
cus only on the average-model description in this work.
Displacement rate at different temperatures
We further investigate the relative displacement rates
for a three-nucleotide toehold at the 3′ end for simulation
temperatures ranging from 17 to 47 ◦C. For each temper-
ature considered, we performed at least 3 independent
sets of FFS simulations. The mean relative rates of the
displacement are shown in Fig. 6. The rates decrease
with increasing temperature, with the displacement at
47 ◦C being 5.6 times slower than at 17 ◦C.
It is interesting to compare the temperature depen-
dence of the rates with that for the yields of invading
strands bound to the toehold only. We therefore also
performed VMMC umbrella sampling simulations where
the sampling of attachment and detachment of the in-
vading strand to the three-nucleotide toehold at the 3′
end of the substrate was performed at 37 ◦C and extrap-
olated to temperatures in the range 17 to 47 ◦C by a
histogram reweighting method. In the simulation, the
invading strand was allowed to make at most 4 bonds
with the substrate strand. The VMMC simulations were
run with the same simulation box size as the FFS simula-
tions, corresponding to an equal strand concentration of
65.3µM. We observed that the decrease of the displace-
8T Displacement rate k kon/koff
17 ◦C 1.8 5.3
27 ◦C 1.3 2.3
37 ◦C 1 1
47 ◦C 0.3 0.4
TABLE II. The mean relative displacement rates k (sec-
ond column) compared with the normalized yield of invading
strands attached to the toehold of the substrate (third col-
umn). The rates and yields were normalized with respect to
their respective values obtained at 37 ◦C.
ment rate with increasing temperature is smaller than
the decrease of the yield of the invading strands bound
to the toehold, as shown in Table II.
These results can be rationalized with a simple model
for the toehold-mediated strand displacement reaction
(see Ref. 39 or Supplementary Material S-I). In the
second-order limit that we consider (in which the life-
time of the three-stranded intermediate is neglected), the
rate of displacement can be written as k = kon× pbm|toe,
where kon is the rate of binding to the toehold and
pbm|toe is the probability of a successful completion of
branch migration once bound by the toehold. Further,
pbm|toe = kbm/koff , where koff is the rate of unbinding
from the toehold and kbm is the rate at which the system
initiates (and subsequently completes) branch migration.
Thus k = kon × kbm/koff .
The quantity kon/koff corresponds to the yield of in-
vading strands attached to the toehold and is shown in
the third column in Table II. The difference in the tem-
perature dependence of the displacement rate k and the
yield of toehold-bound duplexes implies that kbm must
be affected by the change of temperature as well. The
implied increase in kbm with temperature is presumably
due to the disruption of base pairs involved in initiat-
ing branch migration and passage over the initial barrier
to displacement highlighted in Fig. 3 is made easier by
increased temperature.
As the toehold gets shorter, we would expect kon/koff
to become increasingly less dependent on temperature.
Therefore, the temperature dependence of kbm will be
more dominant and we hence expect the slope of the
graph of the displacement rate as a function of temper-
ature to become less negative with decreasing toehold
length. Indeed, for the shortest toehold lengths (and cer-
tainly for blunt-ended displacement), we would expect
the displacement rate to increase with temperature, as
has been reported in DNA [56].
CONCLUSIONS
We have studied toehold-mediated RNA strand dis-
placement with a coarse-grained model of RNA, oxRNA
[34]. We observed behavior that was previously encoun-
tered in studies of DNA displacement [39]. In particular,
we showed that there is a free-energy barrier to the ini-
tiation of the displacement process that is caused by the
need for the single-stranded overhangs of the invading
and incumbent strand to avoid each other (entropic ef-
fect) and that in doing so they break the stacking at the
branch migration junction (enthalpic effect). We found
the range of the relative speed-up of the displacement
reaction (by about 5 to 6 orders of magnitude) between
the saturated rate and the rate for a 1-base toehold for
RNA is similar to that observed for DNA displacement.
We further found that for toeholds shorter than 5 nu-
cleotides, i.e. before the saturation regime is reached, the
displacement reaction is about 2 to 9 times faster at the
5′ end than at the 3′ end. The invading strand gets ad-
ditional stability from a cross-stacking interaction at the
5′ end toehold that reduces the probability of falling off
from the toehold and hence increases the rate. Such an
effect can be tested experimentally and can provide an
additional way to modulate displacement rates.
Finally, we studied the kinetics of the displacement
reaction for a three-nucleotide toehold at the 3′ end as
a function temperature. The rates decrease by about a
factor of 6 when the temperatures is increased from 17 to
47 ◦C. The displacement rate decreases with increasing
temperature due to the destabilization of the toehold.
However, the probability of successful branch migration
increases with higher temperatures. We therefore expect
that for the shortest toeholds, the displacement will be
accelerated with increasing temperature, consistent with
experimental observations for DNA [56].
The oxRNA model used for this work does not include
explicit electrostatic interactions and was parametrized
to RNA thermodynamics at 1M salt. It is possible to
extend our model by including a Debye-Huckel potential
parametrized to reproduce thermodynamics at lower salt
concentrations [57]. As the displacement involves two
strands in close proximity during branch migration, it is
expected that decreasing the salt concentration will have
further effects on the rate of the displacement in addition
to destabilizing the toehold. This problem, along with
the role of mismatches in the toehold region, will be the
subject of further work.
Our model currently allows only Watson-Crick and
wobble base pairs. It is possible that other kinds of ter-
tiary structure contacts (such as ribose zippers or Hoog-
steen base pairs) could influence the branch migration
process. We have also disallowed misbonds in our sim-
ulations, meaning that no mismatched bonds between
the substrate and the invading strand and incumbent
strand could occur. However, sequences used in the ex-
periments are usually designed to avoid such misbonds,
and hence we would not expect misbonds to affect the
conclusions drawn from our simulations. It would be in-
teresting in the future to study the effect of misbonds
and secondary structure formation on the full toehold-
mediated displacement reaction.
When designing an RNA displacement reaction for
applications in vivo, the number of possible sequences
9is greatly reduced due to biological restrictions on the
sequence that has to be recognized by the interacting
strands. Therefore, it is important to understand the
factors that influence the kinetic rates of the underlying
reaction. Our work hence provides estimates of how the
rate of the reaction can be further enhanced, such as by
placing the toehold at the 5′ end or increasing the toehold
length.
The simulation code implementing the oxRNA model
is freely available for download at dna.physics.ox.ac.uk
as a part of the oxDNA software package.
We thank Erik Winfree, Niranjan Srinivas and Ter-
ence Hwa for useful discussions and Lorenzo Rovigatti
for his contributions to the oxDNA simulation code de-
velopment. The authors acknowledge the Engineering
and Physical Sciences Research Council and University
College (Oxford) for financial support.
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SUPPLEMENTARY MATERIAL
1D-model of strand displacement
A simple 1-D model for the strand-displacement reac-
tion was developed in Ref. 39 for DNA. For completeness,
we repeat here the estimation of the displacement reac-
tion rate with this simple model.
We assume that the rate at which the invading strand
attaches to the toehold is kon, which is concentration-
dependent. The invading strands then proceeds to suc-
cessfully displace the incumbent strand during branch
migration with a probability pbm|toe, so the rate of the
successful displacement is
k = kon × pbm|toe. (S1)
The branch migration process is initiated by displacing
the first base of the incumbent strand with a rate kfirst.
The probability of initiating the branch migration rather
than falling off is
pin =
kfirst
kfirst + koff
, (S2)
where koff is the rate for the invading strand to fall off
once it is attached by the toehold.
We assume that there are b bases between the incum-
bent strand and the invading strand. Once the branch
migration is initiated and the invading strand has dis-
placed the first base, it has a probability 1/(b−1) of suc-
cessfully completing the displacement, where we assumed
that the branch migration is a random walk where the
invading strand can gain or lose a base pair with equal
probability. When the invading strand has displaced one
base, the probability that the invading strand goes back
to being bound just by the toehold is 1 − 1/(b − 1). It
can then again initiate displacement with probability pin.
We can hence approximate pbm|toe as
pbm|toe =
kfirst
kfirst + koff
(
1
b− 1
+
b− 2
b− 1
× pbm|toe
)
, (S3)
from which we obtain
pbm|toe =
kfirst
kfirst + (b− 1)koff
(S4)
From Eqs. S4 and S1 we hence obtain
k = kon ×
kfirst
kfirst + (b − 1)koff
=
kon
1 + (b − 1) koffkfirst
. (S5)
In the limit of short toeholds, before the saturation
regime of the displacement reaction is reached, we can
assume 1≪ (b− 1) koffkfirst and simplify Eq. S5 to
k ≈
kon
koff
×
kfirst
b− 1
, (S6)
which is used in the main text, where we used kbm =
kfirst
b−1 .
For long toeholds, when the saturation regime is
reached, we can assume 1 ≫ (b − 1) koffkfirst and the dis-
placement rate becomes
k ≈ kon. (S7)
FFS Simulations
The Forward Flux Sampling (FFS) algorithm [49] al-
lows for efficient simulations of a transition from an initial
(meta)stable state A (denoted as a state Q = −2 for our
system) to a final stable state B (Q = Qmax, where Qmax
will be either 3 or 4 for our system, depending on the
choice of order parameters as discussed in the following
section). We use FFS to calculate the fluxes from a state
where the invading strand is unbound to a state where
the invading strand successfully binds to the substrate
and removes the incumbent strand. FFS introduces a se-
ries of interfaces λ in the state space between the A and
B states. First, a ‘brute-force’ simulation is run to esti-
mate the flux of trajectories that leave state A and cross
the first interface. Then, one selects at random a crossing
point at the first interface λ0−1 that was obtained from
the generated trajectories and propagates it further un-
til it either returns to the state A or reaches the second
interface λ10. By repeating this process one obtains an
ensemble of points at the interface λ10 and an estimate of
the probability P
(
λ10|λ
0
−1
)
of reaching the interface λ10.
The procedure is repeated iteratively for the subsequent
interfaces, and one can then estimate the transition rate
from state A (Q = −2) to state B (Q = Qmax) as
kAB = φ
0
−1
Q=Qmax∏
Q=0
P
(
λQ+1Q |λ
Q
Q−1
)
(S8)
where φ0−1 is the flux of trajectories leaving state Q = −2
and crossing the interface λ0−1.
We previously used the FFS algorithm to study the
kinetics of reactions involving DNA strands with the
oxDNA model, and detailed description of this approach
can be found in Refs. 39, 50 and 51.
Order parameters
The definition of the order parameters Q used in the
FFS simulations is provided in Tables S-1 and S-2. We
originally used order parameters from Table S-2, but due
to limited accuracy we then decided to run simulations
for 3-nucleotide (or smaller) toeholds with order param-
eters as defined in Table S-1. The systems with order
parameters from Table S-1 have one additional interface
compared to Table S-2. The data obtained was consis-
tent, and is included in Fig. 5 in the main text. If simu-
lations using order parameters both from Table S-1 and
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Q Definition
-2 d > 3.36
-1 0.84 < d ≤ 3.36
0 d ≤ 0.84 & b = 0
1 b ≥ 1
2 b ≥ l
3 b ≥ l + 3
4 b = 10 + l & d2 > 3.36
TABLE S-1. The definition of order parameters Q for simu-
lations with toehold lengths l = 3 or smaller. d is the mini-
mum distance between complementary bases in the invading
strand and the toehold on the substrate and b is the number
of bonds between the invading strand and the substrate. d2
is the minimum distance between all complementary bases of
the incumbent strand and the substrate. All distances are in
nm. Substrate is 10 + l bases long and toehold is l base long.
For toehold of length l = 1, the order parameter Q = 2 is
defined as b ≥ 2.
Q Definition
-2 d > 3.36
-1 0.84 < d ≤ 3.36
0 d ≤ 0.84 & b = 0
1 b ≥ 1
2 b ≥ l
3 b = 10 + l & d2 > 3.36
TABLE S-2. The definition of order parameters Q for simu-
lations with toehold lengths l. For toehold of length l = 1,
the order parameter Q = 2 is defined as b ≥ 2. The defini-
tions of variables in the table are the same as the ones used
in Table S-1
Table S-2 were considered for a given system, the re-
ported FFS results are shown in two separate tables (one
for each respective choice of order parameters).
FFS simulation results
The results of the forward flux sampling simulations
are provided in Tables S-3 to S-19 for toeholds of lengths
1 to 6 placed at either the 3′ or 5′ end at simulation tem-
perature 37 ◦C. The results for simulations of a 3-base
toehold at the 3′ end for temperatures 17 ◦C, 27 ◦C, and
47 ◦C are shown in Tables S-20, S-21, and S-22, respec-
tively. For each system considered, at least three inde-
pendent simulations were carried out. The rates shown
in Figs. 5 and 6 in the main text were obtained as the
average of the rates from the simulations, with errorbars
showing the maximum and minimum rates encountered.
Tables S-3 to S-22 show the number of successful cross-
ings of a given interface along with the number of tra-
jectories launched from the previous interface, obtained
by summing all trajectories from all independent simu-
λ Crossings Flux
λ0−1 9000 (1.39 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 9000 1372515 0.0066 (0.0007)
λ21 9022 71953 0.125 (0.04)
λ32 922 930 0.991 (0.003)
TABLE S-3. FFS results for a 6-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (1.40 (0.03)) × 10
−7
λ Success Attempts Probability
λ10 9000 1359767 0.0066 (0.0004)
λ21 9022 78126 0.115 (0.01)
λ32 900 907 0.992 (0.008)
TABLE S-4. FFS results for a 6-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
lations for a given system. The probability of successful
interface crossing shown in the tables is obtained as the
number of crossings divided by the number of attempts.
The numbers in brackets are the maximum absolute dif-
ference of the probability (or flux) shown in the table
and the respective probabilities estimated from the in-
dividual independent simulations. For each interface of
the individual simulations, the sampling was run until a
desired number of successful crossings was reached. Sim-
ulations from the same ensemble have the same number
of successful crossings for each interface, which can be
obtained as the number of crossings shown in the table
divided by the number of independent simulations (up to
small differences of few extra crossings for some simula-
tions in tables S-3, S-4, S-5, and S-7 which resulted from
the implementation details for a parallel architecture).
The description of the MD algorithm used for the sam-
pling is provided in the methods section of the main text.
λ Crossings Flux
λ0−1 9000 (1.28 (0.03)) × 10
−7
λ Success Attempts Probability
λ10 9000 1520553 0.006 (0.001)
λ21 9015 115774 0.0779 (0.004)
λ32 918 1022 0.898 (0.003)
TABLE S-5. FFS results for a 5-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
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λ Crossings Flux
λ0−1 9000 (1.30 (0.02)) × 10
−7
λ Success Attempts Probability
λ10 9000 1363822 0.0066 (0.0006)
λ21 9000 92789 0.1 (0.05)
λ32 900 946 0.951 (0.008)
TABLE S-6. FFS results for a 5-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (1.53 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 12000 2777034 0.0043 (0.0007)
λ21 12001 128781 0.09 (0.04)
λ32 903 2961 0.30 (0.01)
TABLE S-7. FFS results for a 4-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (1.16 (0.02)) × 10
−7
λ Success Attempts Probability
λ10 12000 2140159 0.0056 (0.0004)
λ21 12000 80545 0.15 (0.04)
λ32 900 1961 0.46 (0.03)
TABLE S-8. FFS results for a 4-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (1.05 (0.04)) × 10
−7
λ Success Attempts Probability
λ10 18000 3432942 0.005 (0.0005)
λ21 18000 288833 0.062 (0.004)
λ32 900 25303 0.036 (0.004)
TABLE S-9. FFS results for a 3-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 1730 1.06× 10
−7
λ Success Attempts Probability
λ10 18000 3432942 0.0056
λ21 18000 288833 0.088
λ32 900 25303 0.34
λ43 900 25303 0.14
TABLE S-10. FFS results for a 3-nucleotide toehold at the 5′
end. The data were obtained from 1 set of simulations.
λ Crossings Flux
λ0−1 9000 (1.00 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 18000 3344529 0.0054 (0.0005)
λ21 18000 282819 0.06 (0.08)
λ32 900 39767 0.02 (0.01)
TABLE S-11. FFS results for a 3-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0
−1 6000 (1.03 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 12000 2593563 0.0046 (0.0002)
λ21 12000 339889 0.035 (0.008)
λ32 1000 9717 0.10 (0.01)
λ43 600 2577 0.233 (0.006)
TABLE S-12. FFS results for a 3-nucleotide toehold at the 3′
end. The data were obtained from 2 sets of simulations.
λ Crossings Flux
λ0−1 9000 (0.87 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 18000 3657559 0.0049 (0.0004)
λ21 18000 130705 0.14 (0.19)
λ32 1500 88745 0.0169 (0.004)
λ43 900 15585 0.0577 (0.009)
TABLE S-14. FFS results for a 2-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 6000 (0.9 (0.003)) × 10
−7
λ Success Attempts Probability
λ10 12000 3304853 0.0036 (0.0004)
λ21 12000 64190 0.19 (0.02)
λ32 600 810861 0.0007 (0.003)
TABLE S-13. FFS results for a 2-nucleotide toehold at the
5′ end. The data were obtained from 2 independent sets of
simulations.
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λ Crossings Flux
λ0−1 9000 (0.78 (0.02)) × 10
−7
λ Success Attempts Probability
λ10 18000 4683647 0.0038 (0.0004)
λ21 18000 219009 0.08 (0.04)
λ32 1500 930597 0.0016 (0.0006)
λ43 900 6234 0.144 (0.006)
TABLE S-15. FFS results for a 2-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 6000 (0.79 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 12000 2780446 0.004 (0.001)
λ21 12000 426468 0.03 (0.09)
λ32 600 1421539 0.0004 (0.0001)
TABLE S-16. FFS results for a 2-nucleotide toehold at the
3′ end. The data were obtained from 2 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (0.66 (0.09)) × 10
−7
λ Success Attempts Probability
λ10 18000 5017739 0.0036 (0.0005)
λ21 18000 676294 0.03 (0.04)
λ32 900 30649274 0.00003 (0.00003)
TABLE S-18. FFS results for a 1-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (0.66 (0.07)) × 10
−7
λ Success Attempts Probability
λ10 18000 4727390 0.0038 (0.0005)
λ21 18000 426011 0.042 (0.015)
λ32 1500 579917 0.003 (0.03)
λ43 900 132335 0.007 (0.009)
TABLE S-17. FFS results for a 1-nucleotide toehold at the
5′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (0.50 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 18000 6935564 0.0026 (0.0002)
λ21 18000 2165417 0.01 (0.02)
λ32 1500 2319850 0.00065 (0.00002)
λ43 900 18734 0.05 (0.03)
TABLE S-19. FFS results for a 1-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations.
λ Crossings Flux
λ0−1 9000 (0.77 (0.02)) × 10
−7
λ Success Attempts Probability
λ10 18000 4119731 0.004 (0.002)
λ21 1800 251974 0.07 (0.02)
λ32 1500 5547 0.27 (0.06)
λ43 900 3657 0.25 (0.01)
TABLE S-20. FFS results for a 3-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations at 17 ◦C.
λ Crossings Flux
λ0
−1 9000 (0.87 (0.01)) × 10
−7
λ Success Attempts Probability
λ10 18000 3843169 0.005 (0.001)
λ21 1800 251058 0.07 (0.02)
λ32 1500 9490 0.16 (0.01)
λ43 900 3795 0.24 (0.01)
TABLE S-21. FFS results for a 3-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations at 27 ◦C.
λ Crossings Flux
λ0
−1 9000 (1.10 (0.03)) × 10
−7
λ Success Attempts Probability
λ10 18000 3766518 0.005 (0.001)
λ21 1800 634145 0.028 (0.01)
λ32 1500 19227 0.078 (0.03)
λ43 900 3599 0.25 (0.01)
TABLE S-22. FFS results for a 3-nucleotide toehold at the
3′ end. The data were obtained from 3 independent sets of
simulations at 47 ◦C.
